Abstract. We consider in this work many-body enhanced electron tunneling through an InAs quantum dot in a magnetic field applied perpendicular to the tunneling direction. We have examined in details the anisotropic behavior of the amplitude and shape of the resonant peaks. 
Introduction
Self-assembled quantum dots (QDs) have been thoroughly investigated in the recent fifteen years, using electronic and optoelectronic methods. The high interest in these nanoscopic systems stems from their potential application in laser devices or for quantum computing due to their controllable and discrete spectrum of energy levels. A special technique, which probes the wave function in k space, makes use of magneto-tunneling spectroscopy (MTS) [1, 2, 3] . Although the MTS technique allows us to observe clear quantization effects in the dot, a direct correspondence between the measured values of current or capacitance, and the probability density plots should be corrected by a number of factors. For example, when an electron tunnels from the emitter into the QD, it can be scattered by the local potential of impurities and on another electrons in the emitter. The later effect has many-body nature and increases with the decreasing of temperature. This enhancement is originated by the Fermi Edge Singularity (FES) phenomena that is relevant to the "Orthogonality Catastrophe" [4] phenomena: a state of a Fermi gas after a suddenly imposed localized potential is almost orthogonal to a state of an unperturbed Fermi gas. The theory proposed in Refs. [5, 6, 7] is based on techniques involving the summation of infinite perturbation series, what gives rise to a power-law divergence in the tunneling amplitude. Ohtaka and Tanabe [8] performed necessary calculations for finite temperatures. In our experimental situation, a sudden potential occurs as a result of charging a QD in the barrier.
The FES effect has been observed in the current-voltage characteristics I(V ) of several semiconductor heterostructure devices [9, 10, 11, 12, 13, 14, 15, 16, 17, 18] . Experiments [10, 11, 12, 16, 17, 18] involving additional perturbation on the electron system have revealed strong dependence of the FES on magnetic field B applied parallel or perpendicular to tunneling barrier. At low temperature, the shape of I − V curve and amplitude of the peak is strongly field-dependent. The shape of this sharp current peak can be described by a steep ascent below resonant voltage V 0 and a more moderate decrease of the current toward higher voltages. We relate the rapid enhancement of the low voltage resonance in magnetic field at low temperature with effect of the Fermi-edge singularity associated with tunneling electron via a localized state [7] . In this paper we will investigated how the tunneling current through a QD at low temperature is influenced by the applied magnetic field parallel to the barrier or B ⊥ J. 
Fermi edge singularity at magnetic field
The sketch of the conduction band profile of the central part of the hetero-structure is shown in Fig. 1 . The InAs QDs create discrete zero-dimensional electronic states |E i ⟩ in the tunnel barrier. An applied voltage V shifts the QD energy levels with respect to the Fermi energy (E F ) of the GaAs emitter layer. When a level of the QD coincides with E F , the resonant tunneling of the electrons through the system leads to a sharp current increase. We define the deviation from the resonance as ∆
where V 0 is the resonant voltage at which the energy level of the localized states matches the Fermi level at the emitter and l f is the leverage
, where d and d 1 are the distances from the QD to emitter and collector respectively. Figure 2 shows the cross section of the QD in the xy plane (electrons tunnel along z direction [0, 0, 1]). In general, the effective potential of the QD is anisotropic and can be approximated with an anisotropic harmonic oscillator potential with eigenfrequencies
The main axes of the oscillator (green ellipse on Fig.2 ) may be nonparallel to crystallographic axes. We denote by θ 0 the tilt of the main axes of the QD X and Y versus axes [1, 1, 0] and [1, 1, 0] respectively. The magnetic field which is perpendicular to the current direction may also not be aligned with the crystallographic axes. We denote by α the angle between magnetic field and axes [1, 1, 0] . In order to analyze the many-body effect on the tunneling through the system, we have investigated the shape of the resonant peak in the I(V ) curve. Combining the calculation 
where A = eΓ Lh −1 (W b /2πT ) γ is the peak amplitude, Γ L /h is the tunneling rate from the emitter to the localized states, W b ∼ E F is the band width of the emitter, γ is a FES exponent and
where Γ T = Γ R + Γ L is the total level width, Γ L is the partial tunneling width towards the emitter and Γ R is the partial tunneling width that corresponds to decay towards the collector.
The FES exponent γ and the tunneling rate Γ L /h are very sensitive to the device geometry, the shape of wave function at localized state, the magnetic field, the spin polarization, and the spectrum of the Fermi electrons. Consistent analysis of experimental data may shed the light on both electrons in emitter and properties of the QD. In our previous study [11, 12] , we have observed a similar behavior of γ(B) at all angles α, namely, it increases substantially at magnetic fields around 6 T and drops rapidly at higher fields. According to theory [17] , γ(B) reaches its maximum at a magnetic field value of 6 T, in a good agreement with the experiment.
To explain the variation of the peak at high magnetic field, we take into account that the ground state function in the (k X , k Y ) space that corresponds to the X-Y axes is given by
It is visible from Fig. 3 that the current peak amplitude has a very strong angular dependence that reflects the anisotropy of the wave function in the QD [1] . In a magnetic field the wave vector of the electron is complemented by an additional term p = eBd. As the momentum of the electron at the edge of the Fermi sea is very small, the probability of a tunneling to the QD is determined by the squared absolute value of the wave function of Eq. (3). Therefore, for an anisotropic QD wave function, the level width Γ L will have an strong magnetic field orientation dependence given by
where θ 0 is the angle between the main axes of the QD and the crystallographic axes. This dependence is shown at Fig. 4 by red line. However, one must compare the amplitude of the currents flowing through individual QDs (open circles in Fig. 3) . Moreover, the amplitude of the peak is
. The blue curve in Fig. 3 is a fit of the current amplitude with this function with a parameter (W b /2πT ) ≈ 30. The function
where φ 1 = 22 o and φ 2 = 15 o is obtained from independent fitting of I − V curves for each α and shown as the blue curve in Fig. 4 . Note, that only even-numbered harmonics exist in formula (5) what indicates that γ(α) independent of the sign of the magnetic field. Notably, experimentally the strong variation of the FES exponent γ occurs at magnetic field values above 7 T. This variation is shown in Fig. 4 
Conclusion
We have observed a strong enhancement of the tunnel current through the ground state of an InAs QD in the presence of a magnetic field. An unexpectedly strong angular anisotropy effect is observed when the magnetic field is rotated in the plane of the QD layer. A reason for the current versus the magnetic angular dependence is related to the strong anisotropy of the QD confinement potential in the lateral direction. Interplay of the lateral potential with the magnetic field causes a strong alteration of the tunneling rate with the magnetic field. The observed effect of a rapid increase of γ arises due to the effective localization of the electrons in the magnetic parabola. The electrons at the lowest Landau level interact more efficiently with the QD Coulomb potential, causing an enhancement in both Born amplitude and phase shift. These results are relevant to recent studies [10, 11, 12, 17] of many-body interactions effects on electrons tunneling through discrete quantum states. We examine in details the anisotropic behavior of the amplitude and shape of the resonant peaks of I − V curves at FES regime and concluded that: (i) the magneto-tunneling spectroscopy at FES regime allows establishing position of resonant level in QD with high accuracy, (ii) the distinguishable shape of the FES peak allows extracting the amplitude with much better accuracy, and (iii) the FES exponent dependence on magnetic field gives additional information about potential distribution outside the QD. The anisotropy of the tunneling amplitude is close to the major direction of the crystallographic axis, but we are confident that it differs about 10 o . Overall, the effect of the renormalization of Γ L (B) as a function of the magnetic field for the current variation is comparable with the effect of the variation of γ(B) due to magnetic field orientation.
